To determine the effect of water activity (a w = 0AE880-0AE960) and temperature (15-35°C) on the percentage of viable conidia and mycelial growth of three biocontrol agents effective against water hyacinth in Mali: Alternaria sp. isolate Mlb684, Fusarium sacchari isolate Mln799 and Cadophora malorum isolate Mln715. Methods and Results: The fungi were grown in vitro on plates containing potato dextrose agar medium at different a w values (glycerol being added to adjust the a w ). The percentage of viable conidia and radial growth rate decreased with decreasing water activity. Statistical analysis showed a significant effect of a w , temperature and the a w · temperature interaction on mycelial growth (P < 0AE0001). Water activity emerged as the factor exerting the greatest influence. Differences were observed between the fungi tested, the C. malorum appearing more tolerant to low a w and the F. sacchari more tolerant to high temperature (35°C). Growth models predicting the combined effect of a w and temperature were developed and response surfaces generated, showing fairly good agreement with the experimental values. Conclusions: Our results confirm the previous finding that a w has a greater influence than temperature on fungal growth. Under most conditions, variation of environmental factors has a detrimental influence on the percentage of viable conidia and mycelial growth rate of fungal isolates. Significance and Impact of the Study: The developed models may contribute to predicting the best environmental conditions for use of these fungi as effective biocontrol agents against water hyacinth.
Introduction
Water hyacinth (Eichhornia crassipes), originally from South America, is the most prolific aquatic weed worldwide. Since its introduction in the 1990's as an ornamental plant into aquatic areas in Mali, it has become a main focus of intense control efforts (Dagno 2006) .
Water hyacinth has become widespread and is viewed as the worst aquatic weed throughout the tropical and subtropical regions (El-Morsy 2004) . The 'explosive' growth of the plant and its ability to infest a wide range of freshwater habitats has created enormous environmental and economical problems. Water hyacinth is considered a major aquatic weed in Africa (Niger, Benin, Congo, Egypt, Tanzania, Uganda, Mali and South Africa), Europe (Spain) and several Asian and American countries (Dagno et al. 2007) . It causes widespread problems for millions of users of water bodies and water resources, and this is especially the case in Mali. The Malian authority spends many billion dollars each year to control water hyacinth infestation (Dagno 2006) . Several investigators have therefore focused on controlling water hyacinth by physical, chemical, or biological methods (Charudattan 2005) . Among the control methods available, biological control is increasingly viewed as an attractive, eco-friendly method for use in agriculture (Lahlali and Hijri 2010) .
Biocontrol by means of micro-organisms is an emerging strategy in many countries infested with water hyacinth. Several good arguments suggest that plant pathogens are worth consideration as biocontrol agents: pathogens can cause significant reductions in water hyacinth biomass, notably following natural disease after severe attacks by insects, or when used as inundative bioherbicides (Charudattan 2001) . Several previous findings highlight the potential of Acremonium zonatum, Alternaria eichhorniae and Cercospora piaropi for controlling water hyacinth (i.e. reducing the weed's biomass) under controlled conditions (Shabana and Mohamed 2005) . In Mali, research on the biological control of water hyacinth was initiated in 2006. It has led to the isolation and identification of Alternaria sp. (isolate Mlb684), F. sacchari (isolate Mln799) and Cadophora malorum (isolate Mln715) (K. Dagno, R. Lahlali, M. Diourté and M.H. Jijakli, unpublished data) . Currently, there are no data available on large-scale trials carried out with these fungal isolates, used as aqueous conidial preparations. The variability of the performance of these isolates as biocontrol agents may be influenced by environmental factors that vary over time and from one area to another. Nanguy et al. (2010) , Begoude et al. (2007) , Plaza et al. (2003) and Patriarca et al. (2001) reported that water activity (a w ) and temperature are the principal abiotic parameters determining the germination and fungal growth. Accordingly, knowledge of the biology of biocontrol agents against water hyacinth, and notably regarding their germination and growth in relation to temperature and a w , should be useful in developing a more effective mycoherbicide. Boyette et al. (2007) reported that these two environmental factors are the most important parameters influencing the efficacy of a mycoherbicide.
To optimize the practical use of a biological control agent, it is essential to understand how the physical environment affects the agent's survival, germination and growth (Sanogo et al. 2002) . Response surface methodology (RSM) is the approach most often used to model relationships between a combination of factors and an organism's growth curve parameters (Devlieghere et al. 1998) . To our knowledge, no report is available on the effects of temperature and water activity on the development of F. sacchari, or C. malorum. Regarding Alternaria, Pose et al. (2009) reported the increase in the germination and the growth rate of Alternaria alternata with increasing a w values of substrate. They observed no growth or germination at the lowest a w level evaluated (0AE904) after 100 days of incubation at 6°C and 15°C. With the exception of F. sacchari, none of these fungi pose any risk to human, animal health or economically important crops in Mali and are viewed as attractive candidates for managing water hyacinth infestations in Mali. Hence, the aim of this work was to assess the effects of temperature and a w on the percentage of viable conidia and mycelial growth of F. sacchari, C. Malorum and Alternaria sp. and to elaborate predictive models based on the collected mycelial growth data.
Materials and methods

Fungi
Fusarium sacchari isolate Mln799, C. malorum isolate Mln715 and Alternaria sp. isolate Mlb684 were identified by the Industrial Fungal & Yeast Collection (BCCM ⁄ MUCL-Louvain-la-Neuve, Belgium) and by Dr E.G. Simmons (USA). For long-term storage, the strains were placed at )70°C in tubes containing 25% glycerol at the Plant Pathology Unit (Gembloux Agro-Bio Tech, University of Liege). The initial conidial inocula used in the experiments were taken from Petri-dish cultures on potato dextrose agar (PDA; Merck, Darmstadt, Germany), preserved at 4°C for no more than 6 months and then subcultured at 25°C on different culture media before use.
Media
One specific medium was used for each fungal isolate, PDA for F. sacchari, V8 agar for Alternaria sp. and MA2 (Malt agar 20%) for C. malorum. The water activity was adjusted by addition of increasing amounts of glycerol to obtain levels of 0AE960, 0AE920 and 0AE880 at 15, 25 and 35°C (Lahlali et al. 2008) . The range of temperature and a w was chosen according to their minimum and maximum averages recorded in Mali. The a w of all media was measured with an AquaLab 3TE (Decagon Device, Inc., 2365 NE Hopkins Court Pullman, WA, USA).
Effect of temperature and a w on the percentage of viable conidia and mycelial growth of fungal isolates
The effects of a w and temperature on the percentage of viable conidia were studied for F. sacchari, C. malorum and Alternaria sp. Percentage of viable conidia was evaluated at three a w values and three temperatures 4, 8 and 24 h after inoculation of Petri dishes containing the test media. For each a w -temperature combination, there were three Petri dishes, and each Petri dish was seeded with three individual 10-ll droplets (containing 1 · 10 5 spores ml )1 ) of conidial suspension in separate wells. After inoculation, the Petri plates were sealed in polyethylene bags to prevent water loss and placed immediately in incubators set at the appropriate temperature. The preservation of water content in the media was checked by measuring the a w of inoculated Petri dishes at the end of experiment, and no change in the a w of any tested medium was detected. At each assessment time, the percentage of viable conidia was estimated by observation under the microscope (at 40· or 100· magnification) of 100 conidia from each droplet of inoculum, thus yielding a total of nine counts per treatment at each time (Xu et al. 2001) . The spores were considered alive when the length of the germinate tube was equal to half of the diameter of the spore (Paul et al. 1992) . To evaluate the effects on radial growth, a 10-ll aliquot of 10 ll 10 5 spores ml )1 was inoculated at the centre of Petri dishes containing a test medium. Petri plates were sealed and then incubated at each temperature. The average radial growth of each growing mycelial colony was measured daily (in mm) in two perpendicular directions without opening the Petri dishes, until the plates were completely colonized (Marin et al. 1996) . Growth rates (mm day )1 ) were calculated for each a w -temperature combination by linear regression from the linear phase of the growth curve. This experiment was conducted three times with three replicates.
Statistical analyses
A fully factorial design run in triplicate was used to generate the percentage of viable conidia and growth rate of F. sacchari (isolate Mln799), C. malorum (isolate Mln715) and Alternaria sp. (isolate Mlb684) in modified media at three temperatures and three a w levels. Variance analysis was used to assess the effects of temperature and a w on the percentage of viable conidia and mycelial growth in vitro. Growth rates were subjected to the general linear model procedure of the Statistical Analysis System (sas software ver 9.1. Cary, NC, USA). All statistical significances were estimated at P = 0AE05. Where anova revealed significant differences, Duncan's multiple range tests were applied to the means. Percentages of viable conidia were modelled using a nonlinear equation y = ax 2 + bx + c, where y, x, (a and b) and c represent, respectively, the percentage of viable conidia, incubation temperature, model parameters and the response value of y for all factors equal to zero.
MINITAB -15 ENGLISH was used to apply RSM to a 3 2 factorial design. Temperature (15, 25 and 35°C) and a w (0AE880, 0AE920 and 0AE960) were the studied factors, and the design included nine experiments with three replicates. The following quadratic polynomial model was fitted to the response:
where Y is the response (growth rate in mm day )1 ), B 0 is a constant coefficient, X i are coded variables that can have three values ()1, 0, or 1), B i are linear coefficients, B ij are the second-order interaction coefficients, and B ii are the quadratic coefficients. All model coefficient values were calculated by multiple regression analysis. Interpretation of the data was based on the sign (positive or negative effect on the response) and statistical significance (P < 0AE05) of each coefficient. The notion of major effects bi.Xi assumes that the main effects are both positive and the interaction effect bijXiXj is antagonistic (negative) or synergistic (positive). R 2 (the coefficient of determination) and the regression coefficients (bi and Bij) were employed to evaluate regression model performance.
Results
Effects of temperature and a w on the percentage of viable conidia Figure 1 shows, for each isolate and at different incubation times, how the percentage of viable conidia (i.e. the percentage of conidia having germinated) varied at different water activities as a function of the incubation temperature. As expected, the percentage of viable conidia increased over time. At a w = 0AE88, all three isolates germinated poorly, Alternaria sp. showing the lowest rates (17% after 24 h at 25°C) and F. sacchari the highest (52% after 24 h at 35°C). Overall, the percentage of viable conidia was found to improve with increasing water activity, reaching or approaching 100%, at the considered strain's optimal germination temperature, within 24 h at a w = 0AE96 and a w = 0AE92. The C. malorum and Alternaria sp. both germinated better at 25°C than at 15°C or 35°C, but F. sacchari seemed, under most conditions, to germinate best at 35°C. anova showed the main effects of temperature and a w on the percentage of viable conidia to be significant (P < 0AE01) (data not shown).
Effects of temperature and water activity on mycelial growth Figure 2 presents the average radial growth rates (in mm day )1 ) of the three strains under the conditions tested, along with the results of Duncan's multiple range analysis showing which growth-rate differences were statistically significant. Alternaria sp. and F. sacchari showed no growth at a w = 0AE88 at any temperature (Fig. 2a,c) , but the C. malorum did show some growth at this a w (Fig. 2b) . All three isolates were found to grow faster with increasing water activity. For C. malorum, an increase was observed only at a w = 0AE96 (Fig. 2b) . When growth was observed, it was always better at 25°C than at 15°C or 35°C, although in one case (C. malorum at a w = 0AE96, Fig. 2b) , the difference between 15°C and 25°C was not significant. The Alternaria sp. (isolate Mlb684) failed to grow at 35°C at any a w (Fig. 2a ). The highest growth rate (3AE5 mm day )1 ) was observed for F. sacchari at a w = 0AE96 and 25°C (Fig. 2c ). Variance analysis (Table 1) showed that temperature, a w and their interaction significantly influenced the fungal growth rate.
Modelling the combined effect of temperature and a w on the growth rates of fungal isolates RSM was then used to model the effects of temperature and water activity on the growth rate of our three potential biocontrol agents against water hyacinth. For each strain, a quadratic polynomial model based on a 3 2 factorial design was fitted to the data by multiple regression analysis (see Materials and methods). For the temperature and water activities tested, there is fairly good agreement between the observed and predicted values (Table 2) . Table 3 shows the respective R 2 values, 85AE89, 77AE31 and 93AE40% for C. malorum, Alternaria sp. and F. sacchari, respectively, the determined model coefficients, and their Effect of temperature and water activity K. Dagno et al. levels of significance. Model parameters underlined that a w had a greater effect than temperature on mycelial growth (Table 3) . Water activity had positive linear and quadratic effect on the growth rate of fungal isolates whereas the temperature had a negative linear effect for both fungal isolates C. malorum and Alternaria sp. and a positive linear effect for F. sacchari. Regardless of the fungal isolate, temperature had a negative quadratic effect on the growth rate. For all fungal isolates, the effect of the interaction temperature and a w revealed to be antagonistic, suggesting that the effect of one factor is reduced as the value of the other increases.
Discussion
We have focused here on the percentage of viable conidia and mycelial growth rates of three fungal pathogens, F. sacchari, C. malorum and Alternaria sp., as possible indicators of the capacity of these pathogens to colonize the water hyacinth ecosystem. In greenhouse trials, these organisms have previously been found to induce 70% (isolates Mln799, Mln715) or 71% (isolate Mlb684) foliar lesions in this plant. Yet the efficacy of such pathogens tends to be greater and less variable in the greenhouse than in the field (Boyette et al. 2007) , and environmental factors are believed to influence importantly the efficacy of weed biocontrol agents under field conditions. Temperature and water activity are suspected of being the major determining factors (Babu et al. 2003; Charudattan 2005; Nanguy et al. 2010) , but with the exception of Alternaria (Pose et al. 2009 ), we have found no report in the literature describing the influence of these factors on the growth or germination of the above-mentioned strains. We have therefore studied the behaviour of these fungi in vitro on glycerol-supplemented media and modelled their growth.
In the present study, glycerol was the only solute used to adjust the a w of the medium. This solute can support growth because it is a potential carbon source for 
0AE0001** MS, mean square; df, degrees of freedom; Pr, probability; **significant (P < 0AE0001).
micro-organisms (Parra et al. 2004 ). In addition, glycerol exhibits no inhibitory effect (Baxter et al. 1998 ) and can be used to reach lower a w values than other solutes, such as NaCl (Lahlali et al. 2005) .
From our experiments, water activity emerged as a crucial determinant of germination for all three strains, their germination being fastest at a w = 0AE96 (reaching 100% at 25°C within 24 h) and slowest at a w = 0AE88. At high water activity, their conidia could germinate fast over a wide range of temperatures, from 15 to 35°C. At a w = 0AE96 and 25°C, for example, it took only 4 h for 35-60% of the viable conidia to germinate, depending on the organism studied. This may explain why long wetness periods do not hinder infection of water hyacinth plant by these three fungal pathogens. Our germination data are in agreement with results previously reported for two apple brown rot fungi, Monilinia fructigena and Monilinia fructicola (Tamm and Fluckiger 1993; Xu et al. 2001 ). Pose et al. (2009) reported that the germination time of A. alternata increased with a reduction on a w.
Our growth data show that temperature and a w are key determinants of growth for the studied strains. Water activity emerges as the factor having the greatest influence on mycelial growth of fungal isolates. No growth was observed at a w of 0AE88 for both isolates Alternaria sp. and F. sacchari regardless of temperature while there was low growth for C. malorum at 15 and 25°C. Our results demonstrated that a w has a greater influence than temperature on the growth rates of fungal isolates Mlb684, Mln715 and Mln799. These results are in agreement with the previous finding that the amount of available water in the substrate and the surrounding environment is very important for fungal growth (Lahlali et al. 2008) . Furthermore, in accordance with Sparringa et al. (2002) on Rhizopus oligosporus, a significant interaction between the two studied factors was shown.
Both germination and growth are important for the efficacy of a fungus used as a biocontrol agent. Of the three organisms studied, both the F. sacchari and the C. malorum isolates appear to germinate better at a w = 0AE88 than the Alternaria sp. F. sacchari, moreover, shows better germination at temperatures above 35°C than either of the other strains, whose temperature optimum for germination is near 25°C. Pose et al. (2009) reported similar patterns of the influence of a w and temperature on the germination and the growth rate of A. alternata with shortest germination at 35°C and no growth at a w = 0AE90 and temperature of 15°C. Regarding growth, the F. sacchari again shows better tolerance of higher temperature, whereas the C. malorum shows better tolerance of water stress. Our findings suggest that countering water stress could be a means of improving the b0 0 AE044** 0AE054** 0AE103** a w b1 0 AE017** 0AE033** 0AE130** T b2 )0AE012** )0AE014* 0AE050** a w 2 b11
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performance of fungal biocontrol agents under field conditions. Vegetable oil might be used for this purpose (Shabana 2004) . Data are available concerning the effects of temperature and water activity on a number of other fungi. Lasram et al. (2010) report optimal growth of Aspergillus carbonarius at temperatures ranging from 25 to 30°C and a w = 0AE99. They mention that this fungus grows poorly at 15°C and at a w £ 0AE90 . Romero et al. (2010) likewise report slow growth of A. carbonarius at low a w and temperature (0AE83 and 15°C). Similar effects of a w and temperature were observed by Bekada et al. (2008) for the fungus Mucor racemosus, and Begoude et al. (2007) found that Trichoderma asperellum failed to grow at a w = 0AE88, whatever the temperature.
On the basis of our radial growth data, we have developed models as tools for interpreting such data. Within the temperature and a w ranges specified, the selected models predict fairly accurately the growth rates of these three strains. At a w = 0AE88, for instance, the C. malorum model correctly predicts slight growth at 15 and 25°C but none at 35°C, and the F. sacchari and Alternaria sp. models correctly predict no growth of either strain at 15 or 35°C. Yet, there are some slight discrepancies between the observed and predicted values, such as the slight growth predicted for F. sacchari and Alternaria sp. at a w = 0AE88 for 25°C.
Modelling the growth of these fungal isolates on a solid substrate is a first step towards simulating what happens when these biocontrol agents are applied to water hyacinth, extrapolating their behaviours to field conditions, and finding a formulation that takes into account their ecophysiological traits. Yet, it is crucial to emphasize that our glycerol models for F. sacchari, C. malorum and Alternaria sp. are based on data obtained under in vitro conditions. Our models might overestimate growth under natural conditions, because our strains were grown on a nutrient-rich artificial medium under good light conditions. Furthermore, environmental factors other than those studied here may be involved, such as relative humidity, UV, pH and interactions with organisms of the microflora present on the leaf surface of water hyacinth.
It may thus be mandatory to develop models based on in vivo conditions and taking into account the factors just mentioned. In this framework, it might be possible to integrate models such as ours into a broader study of the impact of environmental factors on the biocontrol agentweed system studied here. Good models of fungal behaviour under field conditions could provide a basis for a more rational control strategy, possibly involving the use of a formulation protecting F. sacchari, C. malorum and Alternaria sp. against unfavourable environmental factors.
